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INTRODUCTION:
Prostate cancer research has generally emphasized the
osteoblastic nature of prostate cancer metastases to bone.
However, a wealth of recent data documents the nearly universal
presence of excessive bone resorption as well, which participates
importantly in the associated bone pain and fractures. The goal
of this research is to determine whether prostate cancer cells
express the extracellular calcium (Ca2+))-sensing receptor (CaSR)
and whether the CaSR participates in a vicious cycle promoting
excessive bone resorption. This vicious cycle involves CaSR-
mediated secretion of the bone-resorbing cytokine, parathyroid
hormone-related protein (PTHrP), by prostate cancer metastatic to
bone. The secreted PTHrP would produce further bone resorption,
which would elevate the local level of Ca 2+, thereby stimulating
further PTHrP release by the prostate cancer cells, and so forth.
The scope of the project encompasses four specific aims: (1) to
show that prostate cancer cells express the CaSR; (2) to prove
that the CaSR mediates high Ca 2÷0-evoked stimulation of PTHrP
secretion in vitro; (3) to determine whether the CaSR initiates a
paracrine pathway producing transactivation of the epidermal
growth factor receptor (EGFR), which then produces EGFR-mediated
stimulation of MAPK and, in turn, increased PTHrP production; and
(4) to document that CaSR-mediated stimulation of PTHrP secretion
from prostate cancer cells injected into the femora of nude mice
contributes to the severity of metastatic bone disease by
knocking out the receptor using a dominant negative CaSR
construct.

BODY:
Task 1-To document that prostate cancer cell lines express the
CaSR (months 1-18).

We have completed the studies in task 1, which are described
in detail in a publication of this work submitted with the
previous Annual Report (1). A PDF file of this publication is
also appended to the report. The results of these studies are as
follows: Reverse transcriptase-polymerase chain reaction (RT-PCR)
with intron-spanning primers amplified a product of the expected
size, 480 bp, for having been derived from authentic CaSR
transcript(s). In addition, Northern analysis, carried out using
a CaSR-derived riboprobe and poly(A+) RNA derived from both LnCaP
and PC-3 cells, revealed a major transcript of 5.2 kb, which is
of the same size as the major transcript in human parathyroid
gland (2).

With regard to documenting the presence of CaSR protein,
immunocytochemistry with a polyclonal, CaSR-specific antiserum
revealed specific staining of both PC-3 and LnCaP cells.
Furthermore, western blotting with the same antiserum identified
specific immunoreactive bands of 160-170 kDa in PC-3 and LnCaP
cells, comparable in size to bands identified in the positive
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controls--bovine parathyroid gland and CaSR-transfected human
embryonic kidney (HEK293) cells (1).

Thus we have demonstrated that LnCaP as well as PC-3 cells
express both CaSR transcript and protein. Note that while we
originally proposed studies determining whether prostate cancer
specimens removed at the time of prostatectomy expressed CaSR
transcript(s) and protein, the contract for our grant expressly
forbids the use of human anatomical substances.

Task 2-To show that the CaSR mediates the stimulation of PTHrP
secretion from prostate cancer cell lines by high Ca 2+0 (months 6-
24).

To investigate whether the CaSR mediated the stimulatory
effect of high Ca2+0 on PTHrP secretion from PC-3 cells (1), we
utilized polycationic agonists (i.e., neomycin and spermine)
known to activate the cloned CaSR (3, 4). The potencies of these
two polycations were equal to or more effective than high Ca 2+ in
stimulating PTHrP secretion from PC-3 cells. We next used a
naturally occurring, dominant negative construct of the CaSR
(R185Q) to assess the CaSR's role in mediating high Ca 2+0 -evoked
PTHrP secretion. To achieve high efficiency expression of the
CaSR in PC-3 cells, we utilized infection with an adenoviral
construct expressing the mutated CaSR. Compared to vector-
infected cells, cells infected with the dominant negative CaSR
showed a substantial reduction in the stimulation of PTHrP
secretion by 1.5 and 3.5 mM Ca2 +, (1), levels of Ca2 +o that could
potentially be encountered by bony metastases of prostate cancer
near sites of active bone resorption (5).

Task 3-To investigate whether the CaSR transactivates the EGER in
prostate cancer cells (months 6-24).

In addition to the studies accomplished in tasks 1 and 2, we have
shown that the CaSR transactivates the EGFR (see PDF file of the
published paper appended to this report), thereby completing Task 3.
Since the MAP kinase, ERKl/2, is a major signal transduction pathway
utilized by the EGFR, we initially documented a delayed
phosphorylation of ERKl/2 by Western blotting. Maximal activation
was observed at 30 min, and a strong signal persisted at 60 min on
Western blots of phospho-ERKl/2. At 120 minutes, in contrast, the
signal had nearly dissipated. The phosphorylation of ERKI/2 was
dose-dependent with regard to the level of Ca 2+ employed; the
strongest signal was observed with 7.5 mM Ca2+ , while signals of
intermediate intensity were observed at 1.5 and 3.0 mM Ca2 +0 .

In order to document that high Ca2 +,-evoked activation of ERK was
CaSR-mediated, we examined the effects of the known polycationic
CaSR agonist, spermine, and of a selective CaSR activator, NPS R-
467, on phospho-ERKl/2. Incubation of PC-3 cells with 100 [tM
spermine for 30 min increased the level of phospho-ERKl/2. Moreover,
NPS R-467 produced a much greater increase in phospho-ERKl/2 than
did its less potent stereoisomer, NPS S-467. Since NPS R-467 is 10
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to 100 fold more potent than NPS S-467 in activating the CaSR, our
results indicate that high Ca2+,-induced ERK phosphorylation is
mediated by the CaSR.

Next, we examined the effects of various inhibitors and
neutralizing antibodies to assess the involvement of transactivation
of the EGFR in CaSR-mediated activation of ERKl/2. AG1478, an EGFR
kinase inhibitor, and PD98059, a MEKI inhibitor, inhibited most of
the high Ca2+,-evoked ERK phosphorylation. GM6001, a pan matrix
metalloproteinase (MMP) inhibitor, and antibodies against the EGFR
and HB-EGF (heparin-bound EGF) also reduced ERK phosphorylation,
consistent with the model of transactivation shown on page 7 of this
report. In contrast, AG1296, an inhibitor of the platelet-derived
growth factor receptor kinase, had no effect on ERK phosphorylation.
These results provide indirect evidence that activation of the CaSR
transactivates the EGFR, but not the PDGFR, at least in part through
activation of MMP(s).

We next directly measured the effect of high Ca 2+0 on the extent
of phosphorylation of the EGFR. Phosphorylation of the EGFR was
assessed using Western analysis with a monoclonal anti-
phosphotyrosine antibody following immunoprecipitation of cell
lysates with a rabbit polyclonal anti-EGFR antibody. The EGFR was
phosphorylated to some extent even under basal (0.5 mM Ca2+")
conditions; following 10 min incubation in medium with 7.5 mM Ca2+,
however, the phosphorylation of the EGFR increased and was sustained
for at least 30 min.

We have previously demonstrated that high Ca 2+ stimulates PTHrP
secretion from PC-3 cells (1). This action of Ca2+o is at least
partially mediated by the CaSR, since hormonal secretion is reduced
by transfecting the cells with a dominant negative CaSR, and known
CaSR agonists, e.g., neomycin and gadolinium, promote PTHrP
secretion (1). Thus, we wondered if the CaSR might stimulate PTHrP
secretion through transactivation of the EGFR.

High Ca2+( dose-dependently stimulated PTHrP secretion by PC-3
cells. This stimulation was inhibited by 20 ýtM PD98059 and by 0.7
ptM AG1478. In contrast, 1 jiM AG1296 had no effect on PTHrP
secretion. When the cells were preincubated with anti-HB-EGF
antibody for 30 min, 5 pg/ml of the antibody significantly
inhibited PTHrP secretion (by 42%) even under basal conditions
(0.5 mM Ca 2o). At 7.5 mM Ca 2+, the anti-HB-EGF antibody likewise
produced a dose-dependent inhibition of PTHrP secretion. The
anti-EGFR antibody gave similar results (data not shown).
Preincubation with 10 pM GM6001 also reduced PTHrP secretion by

2+240% at 0.5 mM Ca 2, and by about 50% at 3.0 and 7.5 mM Ca2 o0 .
These findings indicate that EGF and HB-EGF activate the EGFR

2+even under basal conditions and that high Ca 2-induced PTHrP
secretion is reduced by blockade of the CaSR-EGFR-ERK pathway.
The former result is consistent with the presence of
phosphorylated EGFR at 0.5 mM Ca 2+ even following serum
starvation. These results are consistent with model shown below
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in which activation of the CaSR stimulates transactivation of the
EGFR by activating a currently unidentified matrix
metalloproteinase. The latter then cleaves heparin-bound EGF from
its precursor, and the soluble HB-EGF activates the EGFR, thereby
stimulating the activity of ERKI/2, likely by a ras and raf-
dependent mechanism. The activated ERK1/2 then stimulates PTHrP
secretion, which could participate in the feed-forward mechanism
of enhanced bone resorption described above.

Soluble
ProHB-EGF HBEGF

Matirix
Metalloproteinase -. "-, iGF

Receptor

P•Py

PTHrP Synthesis/Secretion

Task 4-To show that knocking out the CaSR reduces the severity of
bone resorption in the femora of nude mice injected with PC-3
cells (months 6-36).

We continued during months 24-36 the development of PC-3 cells
stably transfected with a dominant negative CaSR or with the
corresponding vector. We have transfected PC-3 cells with a
standard mammalian expression vector (pcDNA3) and subjected the
transfected cells to selection with hygromycin. To date we have
not yet been successful in obtaining individual, stably
transfected PC-3 clones, in part because the cells grow very
slowly at low density. While we have been able to select cells
transfected with the dominant negative CaSR that grow in the
presence of hygromycin, on immunocytochemistry only about 20%
were positive for the CaSR. During the remaining few months of
the grant, we will continue to develop individual clones of
stably transfected with the dominant negative CaSR so as to avoid
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the apparent heterogeneity in our studies to date. In addition to
using the pcDNA3 vector, we will also try infecting the cells
with the rAAV vector noted above and selecting for stably
transfected cells.

KEY RESEARCH ACCOMPLISHMENTS:
*Documented the presence of CaSR transcripts in PC-3 and LnCaP
cells as assessed by RT-PCR and Northern analysis.
*Demonstrated the presence of CaSR protein in PC-3 and LnCaP
cells as assessed by immunocytochemistry and Western analysis.
*Shown that polycationic CaSR agonists stimulate PTHrP secretion
from PC-3 cells, consistent with the CaSR's involvement in
mediating high Ca2+,-evoked PTHrP secretion.
*Documented reduction of high Ca 2+-stimulated PTHrP secretion
from PC-3 cells by infection of the cells with a dominant CaSR
construct, supporting the CaSR's mediatory role.
*Shown that high Ca2+, and EGF stimulate ERKl/2 in PC-3 cells;
Furthermore, the polycationic CaSR agonist, spermine, and the
potent calcimimetic, NPS R-467, increase ERKI/2 in PC-3 cells to
a greater extent than the less potent calcimimetic, NPS S-467,
consistent with the mediatory role of the CaSR in this action.

*Demonstrated that an inhibitor of the EGF receptor kinase, a
matrix metalloproteinase inhibitor, as well as antibodies against
the EGFR and HB-EGF reduce high Ca 2+-evoked ERK activation,
consistent with the involvement of CaSR-mediated transactivation
of the EGFR, via matrix metalloproteinase-induced release of
soluble EGF, in ERKI/2 activation.

*Shown that high Ca 2+-stimulated PTHrP secretion is reduced by
the EGFR inhibitor, the matrix metalloproteinase inhibitor, and
the antibodies to the EGFR and HB-EGF, providing further evidence
that the CaSR transactivates the EGFR.
*Documented that high calcium stimulates a time dependent
increase in the tyrosine phosphorylation of the EGFR, providing
direct evidence for CaSR-mediated transactivation of the CaSR.

REPORTABLE OUTCOMES:
a. Sanders JL, Chattopadhyay N, Kifor 0, Yamaguchi T, Brown EM.
Ca 2+-sensing receptor expression and PTHrP secretion on PC-3
human prostate cancer cells. Am J Physiol Endocrinol Metab
281:E1267-E1274, 2001.
b. Yano S, Macleod RJ, Chattopadhyay N, Kifor 0, Tfelt-Hansen J,
Butters R, and Brown EM. Calcium Sensing Receptor Activation
Stimulates Parathyroid Hormone Related Protein Secretion in
Prostate Cancer Cells: Role of Epidermal Growth Factor Receptor
Transactivation Bone 35:664-672, 2004.
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CONCLUSIONS:
Our results support the major underling hypotheses driving

this research, namely that the CaSR mediates high Ca 2+o-stimulated
PTHrP secretion from PC-3 cells and could provide the basis for a
"feed-forward" mechanism in vivo that would serve to aggravate
the skeletal complications of prostate cancer metastatic to bone.
The importance of this research lies in the implication that the
CaSR could serve as a therapeutic target for CaSR antagonists
that could diminish the severity of the skeletal complications of
prostate cancer. Furthermore, it is possible that expression of
the CaSR in other cancers that metastasize to bone (e.g., breast
cancer) could serve as the mediator of a similar "feed-forward"
mechanism and thereby provide the basis for a novel therapy of
cancers other than prostate cancer.
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Sanders.. Jennifer L.. Naibedya Chattopadhyay, abling pain and other complications such as fractures
Olga Kifor, Toan Yamaguchi, and Edward M. Brown. (10). Radiation, hormonal manipulations, and/or che-
Ca'-sensing receptor expression and PTHrP secretion in motherapy offer palliation but, unfortunately, little
PC-3 human prostate cancer cells. Am J Physiol Endocrino? hope of cure for skeletal metastases of prostate cancer.
Metab 281: E1267-E1274, 2001.-Prostate cancer metasta- Therefore, furtherunderstanding of thebiologyof pros-
sizes frequently to bone. Elevated extracellular calcium con- tate cancer metastatic to bane and the development of
centritions ([Ca2 *IC) stimulate parathyroid hormone-related i of skeletal metastases and their
protein (PTIlrP) secrtetion from normal and malignant cells, improv t res g eas tase ther
potentially acting via the [Ca2

"].-sensing receptor (CaRW. complications are impotant goals of prostate cancer
Because prostate cancers produce PTHrP, if high [Ca 2

00 research.
stimulates PTHrP secretion via the CaR, this could initiate.a Recent studies have shown that parathyroid hor- a
mechanism whereby oste-olysis caused by bony metastases of mone (PTHI-related protein (PTHVrP) is a central me-
prostate cancer promotes further bone resorption. We inves- diator of malignani-xassociated hypercalcemia and Os-3
tigated whether the prostate cancer cell lines LnCaP and teolysis. In addition to causing most cases of humoral •
PC-3 express the CaR and whether polycationic CaR agonists hypercalcemia of malignancy, where skeletal nietasta-
stimulate PTr release. Both PC-A and LaCaP prostate see are absent, PTl.rP, originally isolated from renal,
cancer cell lines expressed bona fide CaR transcripts by lung, and breast cancers 7, 37, 39), is the biologcl al
Northern analysis and RT-PCR and Call protein by immu- mediator in 70% of cases of malignant osteolysis with "•
nocytochemistry and Western analysis. The polycationic CaR or without hyportalcemia partiu lr that caused by -c
agonists [Ca 2"',, neomycin, and sperc ine each concentration m alc a , [i cu., that c 1o
dependently stimulated PTfIrI. secretion from PC-3 cells, as n ica A
measured by immunoradiomotric assay, with maximal, 3.2-, prostato cancers moubstatic to bone generally cause
3.6- rand 4.2-fold increases, respectively. In addition, adeno- osteoblastic lesions, subtantial increases in bone re-
virUs-mediated infectionr of PC-3 cells with a dominant neg- sorption also occur in this setting, as assessed by bin-
ative CaR construct attenuated high ICa 212J-eovoked PTHrP chemical markers (10, 24, 40). Indeed, markers of bone ;
secretion, further supporting the CaR's mediatory role in this resorption can Ibe higher in patientis "ith metastatic g,
process. Finally, pretroating PC-3 cells with transforming prostate cancer than in those with skeletal metastases;
growth factor (TCiF)-g3 augmented both basal and high of breast cancer (10) Prostate cancers often express -

[Cal],,stimulated P'THrP secretion. Thus, in PTHrP-secret- more PTHrP than normal prostate epithelial cells (1,
ing prostate cancers metastatic to bone, the CaR could initi- 25) suggesting that PTHrP could contribute to the tate a vicious cycle, whereby PTHrP-induced bone resorption increased bone resorption (10) in patients witll pros-
releases [Ca` 1. and TGF-p stored within hone, further in- tate cancer metastatic to bone (1, 25. 38) PT1 rP se-
creasingIPTHrP release and ostpolysis. creted by prostate cancer cells could then activate,

parath.-roid hormone-related protein; ion-sensing receptor, osteoclasts and potentially contribute to skeletal inva-
osteolysis; prostate cancer; LnCaP cells; skeletal metastases siveness bone pain, and/or pathological fractures.

Therefore, further unders-•anding of the factors regu-
lating the prousction and secretion of PTHrP by pros-

PROSTATE CANCER I1 A COtIdMOi4 CeisCR and the second tate cancer cells could elucidate the mechanisms Un-
leading cause of cancer death in men (4). A substantial derlying the excessive bone resorption associated with
porcentage of elderly men have microscopic prostate this tunior and potentially provide clues to novel ther-
cancers, but these small lesions usually remain local- apeutic strategies,
ized to the prostate and never come to clinical atten- The extracellular calcium ([Ca 4])-sensing receptor
tion. Nevertheless, skeletal complications of prostate tCAR) is a G protein-coupled cell surface receptor that
cancer are a difficult clinical problem, causing dis- is a central element in [CalI I,, homeostasis (6). In
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E1268 CAR AND PT~stP RELEASE IN PROSTATE CANCER

parathyroid cells, high [Ca2 +i,, by activating the CaR, BNA ladder (GIBCO-BRL) and transferred overnight to ny-
inhibits PTH secretion and parathyroid cellular prolif- Ion membranes (Duralon; Stratageon, La Jolla, CA). A P-
eration (6), whereas in the kidney, stimulating the labeled riboprobe correspondlingto nucleotides 1745-2230 of

receptor reduces renal tubular Ca2 + reabsorption (20). the human parathyroid CaR cDNA was synthesized with the

Physiological proof of the CaR's key roles in [Ca 2÷+ lALAXIscript Ta kit (Pharmacia Biotech, Piscataway, NJ) with
the use of Ta RNA polymerase and [32P]UTP. Nylon mem-

homosasis has comcem th idenicationf branes wore then prohybridized, hybridized overnight with
and hypocaIcemic dis•orders caused by inactivating or the la-loA cRNA probe (2 x 10' cpniml), and washed at
activating CaR mutations (), respectively, and from high stringency for 30 rain as described previously (M).
mice with targeted disruption of the CaR gene (23). Membranes were sealed in plastic bags and exposed to a

In addition to inhibiting PTH release from parathy- Phosphorimager screen. The screens were analyzed on a
reid cells, the CaR stimulates the secretion of calcito- Molecular Dynamics Phosphorimager (Sunnyvale, CA) with
nin from C cells (12, 14) and of ACTH from AtT-20 ell.s the ImaggQuant program.
(11) Furthermore, several studies have shown that RT-PCR. Total RNA (3-5 gg) was used for the synthesis of
high [Ca 2l]. can stimulate PTHrP release fr'om normal first-strand cDNA (eDNA synthesis kit, GIBCO-BRL). The
keratinocytes (22). normal cervical epithelial cells (28). resultant first-strand eDNA was used for PCWt which was
oral squamous cancer cells (31). and JEG-3 cells (21), performed in a buffer containing (in mnM); 20 Tris-HCl, pH
suggesting that the CaR ould be the mediator of hih 8.4, 50 KCI, 1.8 MgC12, and 0.2 dNTP and 0.4 liM forward

primer, 0.4 pM reverse primer, and 1 pl ELONGASE enzyme
-4c-124-ok -rP leaso-froav-o~ nt~znao mix (a Tsqityruc&pie eCfD-DNAA polymerase anx-

malignant cells. In the case of PTHrP-secrethng pros- tur; GIBCO-BRL). Human parathyroid CaR sense primer
tate camcers metastatic to bone, this CaR-mediated 5'-CGCGGTACCTTAAGCACCTACGGCATCTAA-3' and an-
action could create an inappropriate 'feed--trard" tisense primer 5'-GCTCTAGAGTTYAACGCGATCCC.AAA-
stimulation of PTHrP secretion. causing release of GGGCTC-3', which aro intron spanning, ware used for the
Cal from bone that would stinulate further PT H-rP reactions. To perform *hot start" PCR, the enzyme mixture
secretion and promote worsening hone resorption, was added during the initial 3-rain denaturation and was
Moreover, interrupting high [Ca 2 +I -evoked. CaR-me- fbllowed by 36 cycles of amplification (30-s denaturation at
diated PTHrP secretion from prostate cancer cells [eg.. 94°C, 30-s annealing at 477C, and 1-rain extension at 72•C).
with a CaR antagonist• (15)] could potentially be of The reaction was completed with an additional 10-ana incu- P.

substantial clinical benefit in this setting, The goals of bation at 72'C to allow completion of extension. PCR prod-
the present study, therefore, were to determine ucts were fractionated on 1.5% agarose gels. PCR products in

" whether two commonly employed prostate cancer cell the reaction mixture wore purified using the QIAquick PCR "b
wh linese L wP aomnd lyC epleprossthte CaRandcif cell, purification kit (Qiagen, Santa Clarita, CA) and were sub-
lines, LnCaP" and PC-3, express the CaR, and , ff so, jectedl to bidirectional sequencing by employing the same
whether this receptor participates in the regulation of primer pairs used for PCR by means of an automated as-
PTHrP secretion, Our results suggest that the CaR is quencer (AB377; Applied Biosystems, Foster City, CA) as
expressed in and likely mediates high [Ca 2 11,induced previously described (35).
PTMIrP secretion from P0-3 cells. Furthermore, trans- lmniu cnytoh0, inistry. A CaR-specific polyclonal anti-
forming growth tactor (TGF)-p I, stimulates PTIIrP se- serum (4637) was generously provided by Drs, Forrest Fuller
cretion fromn PC-3 cells synergistically with high and Karen Krapcho ofNPS Pharmaceuticals. This antiserum K

[Call]., suggesting that release of this growth factor, was raised agains-t a peptide corresponding to amino acids
along with calcium, during PTHrP-induced bone re- 345--359 of the bovine CaR, which is identical to the carre-
sorption could contribute to a feed-forward mechanisrm spending peptide in the human CaR and resides within the -&
S in which P Hr-mediated osteolvis associated with predicted amino-terminal extracellular domain of the CaPL

The antiserum was subjected to further purification bypro-te cagmeans of an affinity column conjugated with the FF-7 peptide
oste l.sis. (27), and the affinity-purified antiserum was used for immu-

nocytochemistry and Western blot analysis as described in
MATERIALS AND mlETI:IoDS the following paragraphs. The specificity of the antiserum ifor

Cell culture. The LnCaP and PC-3 human prostate cancer the CaR is documented in ssnrirs by the use of suitable
cell lines were obtained from the American Type Culture positive and negative controls.
Collection (Rockville, MD). The cells were cultured in RPMI- For immunocytoch2mls-try, prostate cancer cells were
1640 medium supplemented with 10% FCS and 100 UTml grown on glass cover.lips (27), fixed for 5i n.n with 4%
penicillin-100 pg/ml stroptomycinf The cells were grown at formaldehyde, and then treated for 10 min with peroxidase
37 C in a humidifled 5% C; 2 atmosphere and wer passagod blocking reagent (DAKO, Carpenteria, CA) to inhibit endog-
every 5-7 days with the use of either 0.25%; trypsin-0,53 nmMI enous peroxidasos. After washing with PBS, the cells wore
E DTA (LnCP cells) or 005% trypsin_0.-3 mM EDTA (PC.3 blocked for S0 rain with PBS containing 1% BSA. The calls

cells). All cell culture reagents were purchased from GIBCO- were then incubated overnight at 4VC with the 4637 anti-
BRL (Grand Island, NY), with the exception of FCS, which serum (6 tgenl in blocking solution). Negative controls were
was obtained from Gemini Rio-Products, (Calabasas, CA). carried out by incubating cells treated in an otherwise iden-

Northern blotting. Total RNA was prepared using 'TRlIzol tical manner with the same concentration of 4837 antiserum
reagent (GIBCO-BRL). Northern blot analysis was per- that had beenpreabsorbed with 10 g/ml ofthe FF-? peptide.
formed on 7.5 4g of polytA') RNA obtained using oligo-dT The cells were then washed, incubated with peroxida&s-
cellulose chromatography oftotal RNA (83> Paly(A I-enrichod conjugated goat anti-rabbit IgG (1:100 Sigma Chemical, St,
RNA samples were denatured and electrophoresed in 2.2 M Louis, MO) and washed again, and the color reaction was
fi-rmaldhyde-1% agarss gels along with a 024- to 9.5-kb developed using the DAKO AEC substrate system (DAKO) as
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CAR AND PTHsP RELEASE IN PROSTATE CANCER E1269

before (27). The cells were observed by light microscopy and then added to each well (0.275 a/w-ell). Six hours later, the
photographed at x400 magnification, conditioned medium was removed for determination of

Western, Blotting. For Western blotting, confluent mono- PTHrP content. Triplicate incubations wore performed for
lavers of LnCaP and PC-3 cells in 6-well plates were rinsed eachtreatment. and each experhient was carried out atlest
with ice-cold PBS and scraped on ice into lysis buffer con- twice.
tahinag 10 mM Tris-IICl, pH1 7.4, 1 mM EGTA, I mM EDTA, For studies on the effects of pretreatment with TGF-p1 on
0.25 M sucrose, Me Triton X-100, 1 mMl dithiothreitol, and a PTHrP secretion, PC-3 cells were seeded as descrilbdearlier.
cocktail of protease inhibitors (10 ptg/ml each of aprotinin, After 48 h, medium A was carefulLy removed from each well,
leupeptin, and calpain inhibitor, as well as 100 gglgml of and 0.15 ml of medium C(calcium-.fre DMEM supplemented
Pefabloc) (26). The cells were then passed though a 22-gauge with 4 mM L-glutamine. 0.2% BSA, 100 U/ml penicillin-100
needle 10 times. Nuclei and other cellular debris were re- p.g/ml streptomycin, and 0.5 mM CaCII) containing 0, 0.2, 1,
moved by low-speed centrifugation (1,000 g for 10 min), and or5 nL~ml TOF-pi wasaddd to each well, Twenty-fourhours
the resultant total cellular lysate in the supprnatant was later, this "pretreatment" medium was removed from each
used either directly for SDS-PAGE or stored at -80'C. Be- well, the cells wore rinsed once ;ith 0.15 no/e-ll medium B,
vine parathyroid cells, CaR-transfected HEK-293 cells (dWes- and then medium B alone, or medium B supplemented with
ignated HEKCaR), or nontransfected HEK-293 cells, in- additional CaCI2 (to final concentrations of 3, 5, 7.5, or 10
cluded as positive (parathyroid and HEKCaR) and negative mM) was added to each well (0,275 mI/well). Six to twenty-

controls (nontransfected IIEK-293 cells), were harvested ac- four hours later, the conditioned medium was removed for
cording to the same protocol- determination of PTHrP content. Triplicate incubations were

screunoblot analyses were performed essentially as do- performed for each treatment, and each experiment was
scribed before (26, 27). Aliquots of 20-40 pgg of protein were carried out at least twice.
mixed with an equal volume of 2x SDS-Laommli gel loading PTHrP was moasured in PC-3 cell-conditioned medium by
buffer containing 100 AiM dithiothreitol, incubated at 37°C means of a two-site immunoradiometric assay (l1MA, Ni-
for 15 ain, and resolved @lectrophoretically on linear 3-10% chols Institute Diagnostics, San Juan Capistrano, CA) that
gradient gels. The separated proteins were then transferred detects PTHxP-(l-72) and has a sensitivity of 0.3 pmol/l (35).
to nitrocellulose blots (Schleicher & Schuel, Keene, NH) and PTHrP assays wore initiated immediately after removal of S
incubated with blocking solution (PBS with 0.25% Triton the conditioned medium from the cell cultures to minimize
X-100 and 5% dr- milk) for I h at room temperature. The the loss of PTHrP that occurs with freeze thawing or other
blots wore incubated overnight at 4'C with affinity-purified manipulations. PT'HrP concentrations were calculated from a
anti-CaR polyclonal antisprum 4637 at I Vg/ml with or with- standard curve generated by adding recombinant PTI}xP-(I- 7R
out preincubation with 2 pt/nil of the FF-7 ppptide in block- 86) to the treatment medium employed in this study (i.e..
ing solution with 1. dry milk. The blots were subsequently unconditioned medium B). CaCLu and the additional polyca- :
washed, incubated with a 1ý2,000 dilution of horseradish tionic CaR agonists (neomycin, spermine) employed in these
perocidase-coupled goat anti-rabbit IgG in blocking solution, experiments had no effects in th PTHrP assay when added
and washed five times again, and protein bands were de- in the absence of PC-3 cell-conditioned medium.
tected using an enhhanced chemiluminescence (ECL) system To ensure that the GaR agonists employed in the PTHrP
(Renaissance Kit, Di Pont-NEN). studies had no significant effects on cell number or viability :

Adenovirmf infection of dominant negative CaR into PC-.3 over the G-h treatment period, we employed the 2-(4,5-di-
cells. Confluent PC-3 cells were scraped, dispersed by re- niethylthiazol-2-yt)-2,5-diphenyltetrazolium bromide (MTT)
peated pipetting, and then seeded in 24-well plates (--2.5 x assay (19), in which only viable cells convert water-soluble
1W cells/well). Approximately 10,000 infective particles con- IAITT to insoluble formazan crystals, as described previously ;
taining dominant negative CaR (RI85Q) or empty vector as a (35).
negative control were added to each well at the time the cells Statisticad analyses. A minimum of two independent
were seeded in growth medium. The cells were then cultured PTHrP secretion experiments were performed for each of the,
for 48 h, washed with PBS, and then incubated with DMEMb PTI1rP secretion studies described earlier. Results are pro-
(containing 0.2% B&A, and 0.5 mM [Caý+L,) for 2 h. Addi- sented as means t SE for three determinations. Data were
tional calcium was then added to the wells as needed to analyzed by analysis of variance followed by Fisher's pro-
achieve the final concentrations indicated in rasuLTs, and the tected least significant, difference test. For all statistical
cells ware incubated overnight At the end of the incubation, tests, a P value <0.05 was consid.rMd to indicate a statisti-
conditioned medium was collected and subjected to PTHrP cally significant result.
assay as described in PTI1rP secretion a.tudies. The data were
normalized to the amount of protein in each well. Experi- IlESULTS
ments wore carried out using triplicate wells for each level of
[Cal ']o. Detection of CaR rnRNA in. L nCaP and PC-3 cells by

I PTtIrP pecretion studies. For studies on the effects of NAorthern analysis and RT.PCR. Northern blot analy-
vaious CaR agonists on PTItrP secretion, PC-3 calls were sis carried out using a CaR-specific riboprobe on
seeded in 96-well plates (5,000 cells/well) in 0.15 ml of tae- paly(Aa) RNA isolated from LnCaP and PC-M cells
diuo. A (RPMI-1640 supplemented with 10% FCS and 100 revealed a major transcript of --5.2 kb (Fig. IA). This
U/mI peniciliin-1 tg/ml streptomycin). After 72 h, maedium transcript is similar in size to a major CaR transcript
A was carefully removed, and the subconfluent cells in each
well were rinsed once with 0.15 ml ofmedium B [calcium-free with intron-spannhy g prigne(1 specific for the hruman
DMEM (GIBCO-BRL) supplemented with 4 mM L-glu- i
tanune, 21Z. FCS. 100 U/ml ponicillin-100 rtg/ml streptomy- CaR amplified a product of the expected size, 480 bp,
cm, and 0.5 mM CaCI. Medium B alone or medium B for a CaR-derived product in both IaCaP (Fig. 1B, lane
supplemented with either additional CaCli (to final conem- 2) and PC-3 cells (Fig. 1B, lone 3). DNA stnuence
trations of 1, 3, 5. 7.5, or 10 mM) or the polvcationic CaR analysis of the PCR products revealed >99% sequence
agonists neomycin (100 or 300 pM) or spormine (2 rmM) was identity with the correspnding region of the human
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E1270 CAI AND PTHRP RELEASE IN PROSTATE CANCER

against which it was raised, although nonspecific
bands at lower molecular masses were not abolished by
the preabsorption procedure (Fig. 3B).

~5,2 Kb) Figure 3, C and D further documents the specificity
of this antiserum for the CaR by comparing the pattern
of CaR-immunoreactive bands recognized by anti-
serum 4637 in proteins prepared from .IEKCaR cells,

B bovine parathyToid cells, and nontransfected HEK-293
cells, There are similar patterns of bands in HEKCaR

Mol 81. and parathyroid cells, corresponding to various glyco-
500 bp - sylated and nonglyceosylat~ed forms of CaR monomers
300 bp - and dimers (3, 42), but no CaR-specific immunoreac-

tivity in nontransfected HEK-293 cells, which do not
Fig. 1. A: Necthorn blet onnilyis of ntrarenular Ca' conntration express the CaR endogenously. Figure 3C also shows
(lCa2-io-sensing rvcptor (CAR, transcripts in the P(-2 and LnCnP more clearly the sizes of the immunoreactive bands in
prossate cancr cell lines. Northern analysis was per 'lrmed on
Pl']y(A') RNA isolated from the LnCaP (lane I) and PC-9 prostate HEKCaR cells thra does the overexposed lane showing
cancer cell lines (lane 29), as de-cribed in MArmMALS AND METhJODS. these banls in Fig. 3A.
using a human CaR-pecifie rihoprobe. B: expression of CaR tran- Effect of CaR vgonists, TGF-f1 , and dominant nega-Bcripts as nose-sod by RT-PCR using CaiR-specific primers in PC-3 tire CaR on PTtrP eecrction To determine whether
and LnCaP cells. RT-PCR was perfirmed on eDNA prepared fiom Cra
the anme sampke of RNAextractediftom LnCaP cells (ane2 or PC-3 R agnists moulate PTIrP secretion from PC-3 0
cells (lane 3). as described in MATIMTALS AND UMToDS, Using an cells, the cells were treated with vaiying levels of
intrun-spanning primer pair spe-cifie for the human CaR. A 480-bp [Ca2 io (0.5, 1, 3, 5, 7.5, or 10 mM), neomycin (100 or
ampli•,A fragment is indieative of a product arising from. authentic 300 1.M in 0, m5lM [Cal11.), or spernine (2 miM in 05Z
CaR-ol-rived transcript(s). Lane 1 shows a DNA ladder for su'e mIM [Ca2-4L), and PTI4rP in the conditioned medium
camp'isom. No such product-wna plxaprent wheneDNA was replned•
with water or the reverse transcriptaoc was omitted froma the RT was determined by IRMA PC-3 cells produce a readilv "
reactions (not shown). measurable amount of PTiHrP at 0.5 mM [Ca"] I

Higher levels of [Ca ]. stimulated PTHrP secretion in
a dose-dependent manner (Figý 4A). At 1, 3, amd 5 mM :3

parathymid CaR cDNA (not shown). The.% restults in- [Ca2 1.", PTHrP secretion was increased 1,2- 1.5-, and
dicite that. the POER products derived from both PC-3 1.8-fold, respectively, compared with that observed at .
and IajCaP cells were amplified from authentic CaR
tra nscr iptbs). Ck: : :: -:}:: : ::;t

Detection of CoaR protein in LnCaP and PC-3 cells by
immurtocitocheim.niiy and Western analysis. Ihnmuno- :.
cytochernmistry with an anti-CaR antiserum (4637) re- -

vealed moderate CaR taining in both InmaP tFg 2.4) M) •
and PC-3 (Figý 2B) prostate cancer cells, Staining was 'e ,

eliminated by preinm.tbating the CaR antiserum with .
the specific peptide (FF-7) against which it was raised

s ~ (Fig. 2, anmd D). Considerable intramcelular Call im
munoreactivity could be observed in these cells, as Ain,
breast cancer 35) and bone cells (43, 44), which ex- .
press considerably less CaR protein tihan do parathy-
roid cells (26), wherie the CaR displays a predominantly
rim-like pattern of cell surface expression. Western
blot analyses of proteins isolated from total cellular
lysates of LnCaP or PC-3 cells by use of the 4637
ant-iscrum were compared with those obtained using
protein preparations from HEKCaR and bovine parm-
thyroid cells as positive controls and nontransfectc-d
HFK-293 cells as a negative control (Fig, 3. A and 0).
Although the level of CaR protein expression in HEK-
CaR cells was much higher than the level in LnCaP d
and PC-3 cells (Fig. 3A), the immunoreactive bands in
the two prostate cancer cell lines of 160-170 kDa are Fig. 2. Expression of CaR piotein as asscssed by immunocytochem-
comparable in size, to those of bands present in the lste, using CaR-specific polyvlona. antiserum 4637 in PW-2 and
positmive controls (Fig. 3, A and C). "1he specificity of LnCaP cells. Immunoqytochernstry, carried out using anti-CaR an-
these 160- to 170-kDa CaR-inmmunoreactive bands in tiserum 4627 as described in sMAEIALuS AND MrOareS, MVe alh-Ireadit apparent, immunostaining of' both cell tina,5 LnCaP cells (A)
proteins from the prostate cancer cell ines was con- and PC-2 cells (R), whinh wan s iminated byo crtineu, the lAR

firned by the marked reductions in their intensities nntis-rum with the poptite FF7 agaist which it Cas raised (R
after preabsorption of the antiserumv with the peptide LUCaP cells D: PC-i cells) (/400),
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FigS.3,Aand B. expression of Cullproteinnas assssd by Westerna
blot analysis using CaR-specifIc pnlyclonal antis srum 4657 in PC-3 ' 3 5 7.5 0
and LnCaP mdbs. Western blot analyses, ofCaR proteins in whole cella

Ijesa'tes isolated from PC-S or LnCaP prostate cancer cells, or from Extr~cetlultcl+lCl'n"b) 1
Calt-tranctttd liElK-295 (SlEKCnRI' cells as a positive control, were Fig. 4, A: effect o•felv'as d levels of [Ca

2 
* Land the polycationic CaR

carried out as -described in MAkTERIALS AND1 MEtTHtOD~S Each protein tearledoutas ese]•e in•L••P.•L• Ae MT•I:,Z. Ech rotin aganists• neomycin (Neo mand spermine (Spar) on accretion of Para-

sample, 20 pg for HEKCaR cells (right lanes) and 40 pg for LnCaP tarnid htecmone-rcl N atod p eptnd e (PTH r-P) from sPeCelto. Coll wern
and PC-,S cells (left and middle lanes, respectively), was subjected to treied h er 6 h with Catdagenilts and the rPnfr ionit< d c media wero
SOS-PAGE. A CaaR-speific antiserum 4637 wa.s used as described in treae for wth Callna gonisTr ean d dthcnditied incuaiodne

MAEILSnnwsia o dniy xrsio fCa rtini h removed fsrde-tersi-mition ofF llrPrleased during the ineutatisa,
q MATERI•ALS AIND MUTtIOI] to idenh, expression *f CaR protein in the as described in mxTsaALS AND smsE'ons. There was no ditf-rence in "
resultant blots as indicated in the figure. B: rultlts obecrved when the MTF colorimotrne assay for cells treated with different concen- V
the antiserum was preab•orbd with the peptide against which it g

was aisd. 0 aeS 3: estrn lot efproein incrue nembone trcstions of CaR agonist. (not shown), suggesting that there was nowas raised. C end D: Weatern blots of protean E in crude m(lbrane cfhet of these agents on cell number or viability, and results fiorprepa~rations from bovine parathyroid (lane 1 EKL PTIrP secretion are normalized to the MTT value for that well
and nontransfkected HEK-292 cells (hose 9) using anti-CaR antiserum Them was a statisticaly sifcant stimulation of ttrP secretion
4657. C0 crude plasuin membrane proteins were prepared, SDS- at he7.5 mM [Cstatsto, as well as if n the presenoe of neomyc i tion
PAGE was carried out, and Western blotting was performed q asprmine (P < 0,01; n = 3) relative to that observed at 0,5 mM
described in nATERIALS AItD mtTtOf&DS. A results observed when th -- arP ý 0 01; a) resltiveth observed iat 05n

antis.mrim was preabqorbed with the peptide against which it was [ , out usnly identical eroeriecn protocor R,
raised. The Western blots shown in A-D are representative of 22 periment carried nut using the intica experimental protocol keffect of pretr•atment with transferoning growth fa.tor fTGKý)-jl on
such hnts for each cell typ, high [Call ostimuiated flIrP secretion from PC-S cellsk Cells were

pretreoated overnight with 0,2, 1,orE agfml of TGF--, ano descAibed
n41] 'in MATERIALS AND mmoriow, and then incubated for 6 h with the

0.5 mM [Ca i Ca0 1] at and 10 mM evoke! more indicated levels of [Ca
2
'] PT-IrP in the conditioned medium wag

substantial increases in PTI'HrP secrot-ion (2.0- and then determined by immunoradiomnetric assay as in A, nad the
3.2-fold, respetively). The ioklycationic CaR agonist results for PTHrP secretion were norrnanized to the AM' value rin
neomyyin and spermilt' also eilated robust s~re-tor 'that well. PTHrP secretion was statitically significantly wtimulated

" at --a mM [Ca
2

']s (iP 0,01 vs. 05. ml IC[Cn' 1 alone, n = 2) andresponses: 100 and '300 RN neomycin increased PT1rP with all concentrations of TGF-Pt (**P < 001 vs, 0.5 rn. [CCa2ý÷l
secretion 34- and 36-fold, respectively, relative to that alone, n = ; ++P < 0.01 vs. no TGF-[PI, n = 3S1 relative to the
at 0-5 mM [Ca]", whereas 2 Als spernine induced a respective basal values at 05 mM [oa lo Essentially identical
4,6-fold increase in secretion. results were o•terred in another expnrimcnt carried out using the

Because TGF-p stimulates PTHrP secretion from identical experi•mntal pnt-eol.

nomie cancel, cel lines Ietg, the MDA-MB-231 breast
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cancer cell line (35)], we examined the possibility that RT-PCR (Fig. 1B), performed using total RNA from
there might be an interaction between TGF-p and LnCaP and PC-3 cells followed by sequence analysis of
JCa2- [1 on PTHrP secretion in PC-2 cells. W•ien PC-3 the PCR products.
cells were pretreated for 24 h with TGF-j3i, a substan- These two prostate cancer cell lines also express CaR
tial dose-dependent increase in both basal (i.e,, at 0.5 protein as assessed by immunocytochemistry (Fig. 2)
mM [Ca 2+L) and high [Ca 2 ]o-stimulated PTI-P se- and Western blot analysis (Fig. 3) performed using an
cretion was observed (Fig, 4B). Neither [Ca2-1], neo- affirdty-purified, anti-CaR antiserum (4637). As as-
mycin, nor TGF-P1 had any significant effect on the sessed by Western analysis, the levels of CaR protein
MTT values obtained from the PC-3 cells in this study, expression in LnCaP and PC-3 cells were substantially
and the results of the MTT assay were employed to lower than in the positive controls, HEKCaR cells and
normalize the PTHrP released in each well, bovine parathyroid cells. They are not dissimilar, how-

To provide more definitive evidence that the CaR ever, from those in several other types of cells in which
mediates high [Ca 2" 1-evoked PTHrP secretion. we ex- we have shown that the CaR is expresed and modu-
amined the effect of adenovirus-mediated infection of laWes various biological responses, such as regulation of
PC-3 cells with a dominant negative CaR construct (2) Ca 2 -activated KI channels (9).
on [Ca 4 ] -stimulated PTHrP secretion. Figure 5 [Cae']o mid the polycationic CaR agonists neomycin
shows that pretreatment of PC-3 cells with an adeno- and spermine each stimulated PTHrP secretion from
viral vector encoding the dominant negative CaR con- UaCaP and PC-3 cells in a dose-dependent manner
struct R185Q right-shifts the stimulation of PTHrP (Fig. 3.4). with mnaximial stimulation occurring at 7.5-
secretion by higlh [Ca 2 +1o and attenuates the response 10 mI [Ca2- ], The levels of [CaO'L in the vicinity of
observed at 10 mM [Ca 2'4]o relative to the secretory resorbing osteoclasts are thought to be many times °
response observed with PC-3 cells infected with a con- higher than the level of systemic [Ca 2 +] (i.e., as high
trol adenoviral vector. as 8--40 mM) (36). Therefore, in the bony microenvi-

ronmert, metastatic prostate cancer cells will likely
i)I5(CUSSION encounter levels of [Cal I] at least as high is those •

The purpose of this study was to determine whether used in the present studies.ý. Our results are consistent
the LnCaP and PW-9 human prostate cancer cell lines with those in other cell types exhibiting high [ • .on .
e.press the CaR, and if so, w~hether CaR agoist.s evoked PTHrP secretion, including nornmal keratino-
modulate PTHrP secretion from them. CaR expression ay s (22), normal cri(cal epithelial cells (28) o-5l00
was detected in LnCaP and PC-3 cells by both nucleo- squamous cancer cells (31). JEG-3 cells (21), and H-500 ,
tide- and protein-based approaches. Northern anals is rat Leydig cells, a model of humoral hypercalcemia of
performed on poly(A ) RNA from each of the two cell malignancy (24). The molecular mechanism undely
lines reveald a 6 2-kb CaR transcript (Fig. 1A). This ing [Cau].-stimulated PTHrP secretion in these cell
transcript is similar in size to one of the predominant types, howevr, is not clear Our data suggest that the a
CaR transcrpts observed in human parathyToid cells CaR is the likely mediator of this effect in PC-3 cells,

(tl). Authentic CaR transcript(s) was also detected by because the receptor is clearly expressed in this cell
line and PTHrP secretion is stimulated not only by "
elevated levels of [Ca2 11, but also by the polycationic g.
CaR agonists neomycin and spermine. Furthermore,
adenovirus-mendiated infection of the PC-3 cells with a
"dominant negative CaR (R185Q) (2) attenuated and
right-shifted high [Ca 2'] -stmltdPbPscein

""? providing additional strong evidence for mediation of
4.• •this action by the CaR, Others have successfully uti-

lized transfection of CaR-exprsssing cells with a differ-
ent dominant negative CaR construct (R795W) to dc-

.Z ument the CaR's involvement in other bioloical
WI, •responses (30).

O On the basis of the present study on PC-3 cells and in
0- 0_ 15 two breast cancer cell lines M35), our findings have clear

_ implications for the existence of a feed-forward mech-
ve¢:ter nsnsoat r~iw'eC~ c anism involving prostate cancer cells metastatic to

bone, When prostate and breast, and possibly other,
Fig, S. Attenuation ofohigh [Ca

0
']l-3timulated PT-tIrPswcretim from cancers metastasize to the skeleton and induce PTHrP-

PC-3 cells infe-ted with a dominant nýgative CaRi Open b1ars %how
PTrPoeretin ho response to elevated kwvda of C n" by PC-go olS mediattd ost-olysis, this will lead to high local levels of
infeet•id with the empty adenovihal vdct;r solid bmrs show the [Ca- ] within the bony micrnoenvironment owing to
attenuntlin nf high [Ca%+lotimulbted PT14rP secretion in the cells PTHrP-stimulated bone resorption with or without as-
infoeted with the dominant ncgntivo Call. *Significant inhibition ot sociated sstcmic hypercalcemia, These high levels of
PTr1rP seeretion from the dominant negative vs. %chtr-infeeted Is [Ca 2 Will licit further PTHrP secretion from the
at the inlirated evel of [Ca

2
,,_. Similar results were observed in

another experinment ean-ed out using the idenaticd emp.rimental cancer cells thereby exacerbating the osteolytic dis-
ease Guise and Mundy (18) have provided strong evi-
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dence for the existence of a similar feed-forward mech- Generous grant support for this w•Yrk was provi&dd by the Na-
ans involving the action of TGF- released from tional Institute of Diabetes and Digestive and Kidney Diseases

(DK-098O 5 to 1, L. Sandcrs and DK-48530 to E. M. Brown), NPS
bone on PTIrP-secreting breast cancer cells. Indeed, Phnmrnacuticals, and the St. Giles Foundation (to E. M. Brown).
we have shown that TGF-ft increases PrIHrP secretion
from P0-3 cells and have also demonstrated that REFERENCES
TUF-fl produces at least an additive increase in the 1. Aadi F, Farrij AT, Sharili R, LU slakouti 5,. Antar S, and
stimulation of PTHrP secretion by high [Cal

4 
]o. The Kukreja S, Enhanced expression of parathyroid hormone-re-

mechanism for this effect is not cleai but might involve lated protein in prostate cancer as compared with benign pros-
tatie hyperplasia. Men, Patstho 27: 1319-1329, 1996,

TGF-p,-induced upregulation of the expression of the 2. Itai At, Pearce S1, Kiter 0, Trivesli S, Stauffer IJG, "nluk-

CaR or its signaling pathways and/or of the level of ker RV, Brown E't anrd Steinans H. In vivo and in vitro

expression of the PTHrP gene, thereby increasing the characterization nf neo4)natal hyperparathro oiinn resulting
frmn a do nove, hborazygosun mutation in the CWt-sen-sing

amount of PTIrKP available for Secretion in respouse tf receptor gone: normal maternal calcium homeataisis as a cause
an elevated level of [Ca34 ]5 . Because [Car J, and of secondary hyposoarathyToidism in familial benign hypoealci-
TGF-jI are both released from the hone matrix during uric hypercalkemia JC(Ies Irest 99: 88-96, 1997.
bone resorption induced by PT.HrP, they are both avail- a, Rai M, Quinn S, Tirivedi S, Kifor 0, Pearce SIS, Polkl)

aIR. Krapseho K 1144wert SC, and Brown EM. Expression and
able to elicit, further PTHrP secretion. Ini effet, both characterization of inactivating and activating mutatiomn in the
could cooperate to generate a vicious cycle of tumor- human Ca"-j,*nsing receptor. J Diol Chem 271: 19527-19545,
induced bone resorption begetting further bone resorp- 1996.
tion in the setting of skeletal mnetastases of prostate (or 4, Boring CC, SquireNTS, Tong T, ansi .Mositgoinery S. Cancer

statistics. CA Cencerj C6in 44. 7-26, 1994.
breast) cancers. The beneficial actions of bisphospho- 5, Brown EAT, rill, antd Pollak AIRt. Familial benign hypocal-

nates on the skeletal complications of metastatic niurie hyperealcemia andother syndromes ofaltered respansive-
breast cancer and on the incidence of new metastases nea to extracellhlar calciuon In: Metabolic Bona Diseases and

Clinically Related Disordors Girdeod.), edited byS S Kaianemd LV ~
(17. 32, 41) could result. at least in part, from reduc- Avioll.ason Diego CA Acodenaic 1997, p. 479-499
tions in the local concentrations of both [Ca" 0 ]. and & Hrol FA, Vassilev PhL, Quinn s, and le.bert SC, G-
TOE-p as a result of decreased bone resorption. protein-coupiad. extracelluar Ca zrksensing receptor- a versa-

In addition to its potential role in stimulating PTlrP tile regulatorofdilvorso eilularfsunctino. •itan Haorm 55: 1-71,
1999,secretion frun prohstate cancer cells met-astatic to bone, 7ý lurtis W.J, Wu I Punch C, vysolnner•kli .LI, lansgna KEl

the CaR could also impact on tumnor progression, o4e- Weir EC, OTroadus At, and Stevvar-t AV. Identification of a

olysis, and, in some cases, hypercalcemia by modulat- novel 17,000-daltonparatyomidhormoee-likeadenrlatecyvlasec-
ing the proliferation and/or apoptosis of tumor cells. stimulating protein fron a tumor associated with hurnoral by-

pereal-cmia of malignancy, J Riol Chem 26"2ý 71.51-7156, 1987,
Recent studies have shown that CaR activation stum- Chatopre le yay N, Chieng n , Rop!g(A Ka si2c: 11rd7 D, 19all7. ,
ulates proliferation in several cell types, including Diaz R, ltlabehtC , SohybelD, unait gown MA. Ides o tifiDation

rat-1 fibroblasts (300 In PTIlrP-producing tumnors, the and lomalization of extraceliular Ca`-sen-nAg receptor in rat

CaR could potentially increase proliferation directly intestine, IAm dJPkyiol Gastroinrkt Liver Physsio 274, 0122- :•
0120 1998&iand/or indirectly by enhancing PTHrP secretion. In- 9, Chiatopadhiyay N, Ye C, Singh Dl3, Kiuor 0, Vassilev PM,

deed, PTfIrP has been shown to stimulate the prolif- Shanohla-aT, Chylock, UI'Jr, and Brown EIM Expressuion of
oration of H-500 rat Leodig cells in vitro and to in- extraeellular calciurn-ensing receptor by human lens epithelinl
crease the rate of tumor growth in vivo when 11-500 1.0 cellEs e Bsekwlet pa i Colnsumenf3 • 223n. 801-80n,-1997.

-0 C olemnan [IF Skeletal complications of mahignancy. Cancer S8a
cells are implanted subcutaneously in rats (33). The 1t589-1594, 1997.
CCaR. also protects some cells against apoptosis, as we 11. Emanuel Rl, Aslet .K, Kifor 0, Quinn S.J, Vsulllr F, Kral.v
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and Cb ncell line • lf!Endocrind 10i 555-65, 19960
293 cells (20), Therefore, high [Ca "]o-evoked, CaR- 12. Freichel MiI, Ziank-Lorenz A, flol.s hi A, HIfnow NM, Flock-

mediated stimulation of proliferation and/or inhibition cczi V. and Raue F. Expresoion ofa calcium-senmingreceptorin
of apoptosis of prostate cancer cells metastatic to bone a human medullary thyrlad carcinoma cMil line and its contribu-

could clearly contribute to the progression of tumor ton to calcitonin secrecion. Endocnoelogy 127: ,842-3848," t1996.

gro-wth and potentially render the tumor cells resistant 1a3 Garrett JE, Cai•usno IVT, -naunmerland LG, Hung TIC,
to therapy. lirawn EMlehertiC, N•m•th EF, and i Fnllr F. Molecular

.2i~ In Sumnary high [Ca ,-evojked, CaR mediated cloning and functaonal expression ofhuinan parathyroid calcium

"scontribute to the receptor eDNAs. iBid, Chem 270: 1219-12925, 1995,
PHiP secretion could clearly o..-w.tt J, Tuanipr 11, Kifor 0, Simmn lT, RogerS ICV,
sixe bone resorption recently recognized to be an in- Mbihal A, Goagel RF, andI lB•own EM. Calcitonin-secreting

portant complication of prostate cancer metastatic to cells of the thyroid express an extraceliular calcium receptor

bone, If, as in PC 3 cells, the CaR modulates PTHrP gene, Endacrinology 1296: 5202-5211 .1995
Mio r t no Goen L SloupG OR. Dodds ItA, Janes IM. Votta M,

se-tetion in other prostate cancer cells, then the use of Smith 1RR, PIhatnagar PK Lago AM, Callahan MlF, DidMuar
CaR antagonists (15) with some degree of specificity for i G, Miller MA. Nenelth EF, and Fox J. AntagLoizing the

prostate and other types of cancer cells that metasta- parathy sd calcium receptor stimulates parathyroid hormone

size to bone and produce JPTfrP and, therefore, oste- -wretkin and L-nc formation in •steo-nic rats. J Clin Invest
1(1ls 1595-16t4 2000.

olysis could potentially offer substantial therapeutic 1.G (Grll V, le P , Body JJ, ,Johanson N, Lee SC, Kukieja SC,

benefits in this setting. Moseley JlJML and Martini T.i. Parathvro..id harmone-rMeated
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Abstract

We have previously reported tlat hiot e•lracellutar Ca2 t stimulates parathyroid hortmone-retated protein (PTlhrP) release from human
prostate and breast cancer cell lines as well as from 11-500 rtat leydig c2aner celt an action mediated by the cateitun-ertsnig receptor
(CaR), Activating the CaR leads to phosnphorilat ion of awitoge a-activated pmotein kinases (MIvAPKs) that participate in PTtIrP synthesis and
secretion. Because the CaR is a 0 protehi-couplad receptor (GPCRX, it is likely to tntactivate the epidertnal growth factor r-eetor
(EGFM) or the platelet-derived growfth factor rceptor (PDGiFR). In this study, wAe hypotheized thiat activation orthe CaR transactivatesf the
EGFR or PDGFOR, atd exawnned whether transactivatitn af.ects PTI~rP secretion in PCI3 huatrin prostate cancer cells. Using Wester
analsis, we oberved dhat an hicrease in extra.ehlinlar Ca42 resulted :in delayed activation of exlracellular signal-regulated kinwse (ERK) in
PC-3 cells. Pre-intcubation with AG 1478 (an EGFR kinase inhibitor) or an EGFR neutralzing antibody inhibited the high Ca'•-hidntecd
lphophioitylLtron of ERIK I12 GM6001. a pan n mtrix metalloproteinase (MM'P) inhibitor, also partially suppres,3ed the ERK activation, but
A61296 (a PDGFR kitse inhibitnr) did not. 1ll1g extrcellul Cal" stimulates PT7rP release during a 6-h incubation (1.5- to 2.5- and 3-
to 4-:•ild inuceases in 3.0 and 7.5 mM C2+, respectively). Whent cells were preitncuated with ACG478, 61M6001, or an antihlmnan heparin-
binding IGF (lI1-EGF) antibody, PTlIrP secrete ion ýas signifiranty inhibitet tinder basial as well as high C(7 conditions, while A01,2296
had no eflict on PTIrP secretion. Takea together, these findings indicate that activation of the CaR traniacti-ates the iEGFR, but not tIe
PDGFR, leading to phohsporylation of ERKI/2 and re.tulLtt PTf1rP secreton, alithough CaR-OER-ERIK tnight not be the ontly signalitg
pathway for PTIlrP secretion. This trmanactivation is most likely mn'.ediated by activation of MMP and cleavage of proheparin-hindhig FEF
(ptotIt-l/GF) to I ID-EGF.
k5 2004 Elsevier Inc. All tights teved.

Ki)wo.rd: G protzin-c•oplod rec-ptor; Epidcrrrat gr_,th f(tor reerptor (FtiR); Trarmaclhation; Parat-,)rid l•rn-on•e-reltAd parcin (P'T•P); P'Mo•tte

In troduction impacts prouptosis [2). Prexious studies denionstrated ex-
pression of parathyroid hormnne-relata. protIn (PTH, P) itn

Prostate cancer is known as thea second most dcadly normal and malignant prostate epithelial cells [3,41. PTF rP,
cancer in men in the United States [I]. In most cascs, which was originally, isolate from renal, lung, and breast
prostate cancer .metastasizes to bone, which negatively cancers in 1987, plays an haportant role in tnormial Ixone

fornation, devclopment of manmary' gl and, skin, anti teeth,
and rcgulation of the conttr:tility of smooth musclc [5).

* Correspondý;irg arti-x•. Di-,n of tL ir. . Di~ct,-.s ad Because the amino terminus of PThrrP has suat:cturttl simi-
iy)nrtzrsion, Dpartire.t of Metdiiirýe and Membr.ane Itiology Pnigrm., larty to PTt, they can act on the same rtcptor, the type I

Brigham aid Wourrr Htopital, and thareard M-licl ]Sxol, 221 - o
Lbmt,vood Avomz, M•stn, MA 02115- PtIl receptor (PTH I R). Hoirver., PTHrP acts on cells in a

E;2-mati adds-s: w:aroQricsli.t} nndJv~ (S. Yaro). pracrimnelautoctine, or intractine fashion, whcreasPTH acts

9756-321191S - zml onrt matter ,0 261! Uvi.-r cr,:. All rigbtt r.•oerv,:d.
dii :1 . lt ft.j.8r.t:)z200L~(14tt
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in an endocrine manner [6]. In the prostate gland, the Materials and methOds
physiological role of PTHrP is unknown. However, evi-
dence that there is (1) higher PTHrP expression in prostatic Ma!7terials
dysplasia (prostate intraepithelial neoplasia) than in normal
prostate epithelium and (2) higher PTHrP expression in Selcetive inhibitors of MEKI (PD98059), E.GFR kinase
prostate carcinoma than in be-nign hyperplasia suggests that (AG 1478), PDGFR kinase (AG1296), and pan MMPs
there are promaliggnant or prolifeantive effects of PTHrP that (CMI160 1) were all obtained from Calbiochem-Novabio.
participate in the pathophysiology of prostate cancer [6.- 8. chem (San Diego, CA). Neutralizing antibodies against

We have previously reported that high concentrations of ECFR and TIB--EGF were obtained from R&D Systems
extracellular calcium (Can,•)stimulate PTHrP secrefion from (Mrinneapolis, MN). Polyclonal antisera to EGFR and a
rat H-500 leydig cells, human embryonic kidney cells stably mouse monoclonal antibody against phosphotyrosine
transfected with the calcium-sensing receptor (CaR), human PY99 were purchased from Santa Cruz Biotech (Santa Cru7,
breast cancercell lines, prostatecancer cell lines, and hum an CA). A polyclonal antiserum to phosphorylated ERKI/2
astrocytes, asbucytoonas, and mcningiomas, and that this and a mouse monoclonal antibody against ERK2 were
phenomenon is mediated by the CaR expressed on these purchased from New England Biolabs (Beverly, MA). The
ccls [9--13). These findings suggest the existence of a enhanced chemiluminescence kit Sup .rsignal was pur-
viciots cyle that could contribute to the pathophysiologly chas-d from Pierce (Rockford, IL). Protease inhibitors were
of humoral hypercalcemia of malignancy (HHM) and from Boehringer ngclheim, and .4ll other reagents were
ostcolytic bone metastases. Once PTHrP-producing cancer from Sigma (St Louis, MO).
cells metastasize to bone, for example, locally high levels of
Ca,., could stimulate PTItrP secretion further. Excessive Cedl cukwtuir
production of PTHrP, in turn, would elevate local or
systemic levels of Ca,, through the PTH IR expressed on The PC-3 human prostate cacer cell line was obtained
renal tubules and osteoblasts. from the American Type Culture Cxllcetion (Rockville,

The CaR that was first cloned from bovine parathyroid MlD). The cells were cultured in RPMI 1640 medium
gland has a central role in the regulatimo of PTH secretiomn supplemented with 10% 1Vtal bovine seram (FBS) and
and calcium metabolism [14,151. Although the CaR is 100 U/nd penicillin100 pg!ml streptomycin and grown
expressed mainly on parathyroid glands, distal tubules of at 37'C in a humidified 5% CO 2 atmosphere. Cells were
the kidney, and the thyroid C cels, the receptor has bern passaged every 4-5 days using 0.05% tr)psin 0.53 mM
idoitified in intestinal epithelia cells, bmne cells, several EDTA. FBS was obtainod from Gemini Bio-Produets (Cab
nephron segments other than thf distal tubule, and many abasas, CA), and other cell culture reagents were purchased
other tissues and cell lie•s [161. Thc CaR activates MAP from GIBCO-BRL (Grand Island, NY).
kinases (extracellular signaloregulatcd kinase ýERK), p38
mitogen-activated protein kinase (MAPK), JNK.SAPK) in PTH7rP s ramian studies
certain cells, which may mediate some of the known bio-
logical actions of the CaR [t17 211 In previous reports. we PTHrP secretion from PC-3 cells xas determined using
have demonstratcd that the MAP kinase pathways play key the same system as previously described [12], Briefly, fo-
roles in CaR-.stimulated PTHrP seeretion [10021]. Howevcr, studies on the elfects of the CaR agon ist Ca"+, and various
it remains nmicar how the CaR activates MAP kinases. inhibitors on PTHrP secretion, cells were seeded in 96-well
Because the CtRdZ is a member of the superfamily of G phates (5 103 cedlsAvell) in 0.15 ml of growth medium.
protein-coupled receptors (GPCR), we hypoxthesized that After 72 h, the gvowth medium was removed and replaced
the CaR activates receptor tyrosine kinases (RTKs), such with 0.15 mil of Ca2Kcfrce DMEM containing 4 mM L-
as the epidermal growth factor receptor (EGFR) or platelet- glutarmine, 0.2% BSA, 100 U/ml penicillin.-100 isg/ml
derived growth factor receptor (PD~IFR) and, in turn, streptomycin, and 0.5 mM CaCl for 2 IL Cells were then
MAPKs. Recent evidence suggests that tran:saetivation of preincubat cti for 30 min with specific inhibitors or neutralI
the EGFR by GPCRs is mdiatcd by activation of one or izing antibodies in se-rumn-fec medium containing 0.5 mM
mnore metalloprotcinases (MMPs), which cleave proheparin- Ca 2' following which the medium was removed and
bindingEGF(prolB-EGF tor e HBEF[22 3].This replaced with 0.27.5 ml of the samne meium nor that

m4chanismm of GPCR-induccd EGFR activation, whIch has supplemented with additional CaC12 (to a fit a! c•neentra.
been called the "tiplemm4ýbrncpassingwsimnaling" model, tan of 15, 3.0, or 7.5 raM) and appropriate inhibito.s or
has been widely accepted [24J. Thus, we wondered if the neutralizing antibody for 6 h. The conditioned medium was
CaR could also ua-ansactivate tho EGFR. In finis study, we collected to measure PTHrP oontent. Each experiment was
showthattheCaR bransactivatesthe fEGFRatk', tipartvia carried out at. least three times, and duplicate incubations
mnctalloproteinase activation, followed by ERK phosphory- were performed fbr each trewattment
lation, ad that CaRinduced EGFR transacti-ation stlmu- PTHrP was measured 'r- conditioned medium using a
lates PTHP s-cretion in PC-3 human protatLe c nccr ceUls. two',sit inmmunoradiomictmeý as.ay (Nichols Institute Diam:
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nostics, San Juan Capistrano, CA) that detects PTHrP (1- Pierce Chemical). The same membrane was used after
72) with a sensitivity of approximately 0.3 prnobl. PTHrP stripping: (Rea•tre Western Blot Stripping, Pierce) fr deter-
assays were initiated immediately after collection of the munation of total ERK2 to conftir equal loading of all the
conditioned medium to minimize degradation of the peptide lanes. Protein coneentmliors were measured with the Micro
resulting from ficeze-thawing and other manipulationrs. BCA protein kit (Pierce),
Standard curves of PTHrP concentrations were generated
with the addition of recombinant PTHrP (1--86) to the Iwnmoprezintatron
t-reatnent medium used in this study (i.e., unconditioned
Ca'2 -free DMEM containing 0.5 mM CaCI,). Calcium and After serum starvation for at least 48 h, cells were
oither reagents alone had no efiect on the PTHrP assay when stimulated with 7.5 mM%, Call as described above. At the
added in the absence of PC-3 celkcondirioncd medium, indicated time points, cells were washed with ke-cold PBS

and lysed with immunoprecipitation butffr containing 150
Western Nor anay),sts mM NaCl, 10 mM Tris, pH 7A, 1 mM EDTA, 1 mM EGTA,

1% Triton X-100, 02 mM sodium vanadate, and protease
For the determination of ERKI/2 phosphorylation, inhibitors (as described above). Tle cell lysate was centri-

monolayers of PC-3 cells wezre grown in 6-well plates. fuged at 10,000 X g for 10 mrin. For immunoprecipitation,
When cells reached 50% confluency, they were incubated equal amounts of protein waer incubated with polyclonal
for 48 b in serum-free, Ca2 t-fee DMEM containing 4 mM EGFR antibody overnight. and then incubated, with protein
L-glutamrine, 0.2% BSA, and 0.5 mM CaCI2 . This medium Ai'G agarose beads for a flrther I h at 4"C. Bound immune
was then removed and replaced with the sarie medium complexes were washed three tim•s with nimmunopreeipita-
supplemented with either 7.5 mM CaCi2 alone or 30 np'ml tion buffer containing protease and phosphatase inhibitors
EGE All inhibitors and neutraliping antibodies were pre- and detereents. The pellet %vas cluted by boiling for 5 min
incubated 30 min before incubating the cells in test medium with 2 x Laemmli sample buffer. Supernatant proteins were
for the specified period of time as described in Results. At weparated by 7.0% SOS-PAGE, transferred to nitrocellulose
the end of the incubation period, the medium was removed, membranes, and immuioblotted with mono•eonal antiphos-
the cells were washed twice with ice-cold phosphatc-buff- photyrosine antibody (PY99), The stripped membrane was
ered saline (PBS) containing 1 mM sodium vanadate and 25 then reblotted with EGFR antibody.
mM NaF, and then 100 .l of icecold lysis buffer was added
(20 mM Tris-liCI, pH 7.4, 150 mM MCI, 1 mM EDTA, I Stahistics
mM ECTA. 25 mM NalF, 1% Triton X-IOG, 10% glycerol, I
mM dithiotbreitol, 1 mM sodium vanadate, 50 mMi glycer- The data are presented as the mean ± SE of the indicted
ophosphate, and a cocktail of protease irhibitors); These number of experiments. Data were analyzed using one-way
were aprotinin, leupeptin, soybean trypsin inhibitor, pcpsta- ANOVAk or Student's t test A P value of <0.05 was
tin, and calpain inhibitor (10 pg/nml ofeach)., as well as 100 considered to indicate a statistically sigificant difference.
pginil of Pefhbboc; all were added from frozen stocks,
except sodium vmnadate, which was freshly prepared on
the day of the experiment. The cells were scraped into the Results
lysis buflf.x, sonicated for 10 s, and then centrifuged at 6000
x gfr5 mrin a4T.c Thesupernatantswcv kept k at -20<'C. We have previously reported that ERK activation plays a
These protein samples were saved for Western blotting as critical role in high Caog-indueed PTHrP sccretion., and that
previously described [21]. Briefly, equal amounts of super- high Call produces a delycd phospAorylation of ERK 1/2
natant protein were separated by SDS-PAGE. The separated in the cell types studied to date [10,21]. In PC-3 cells, we
proteins were electnophoretically transfcrred to nitrocellu. also confirmed a delayed pbosphorviation of ERKi/2 by
lose membranes (Sehbeicher and Schucll) and incubated Western blotting (Fig. IA). Maximal activation was present
with blocking solution (10 msM Tris UCI, pH 7.4, 1)50 at 30 min in all three independent experiments,, and this
mM NaCI, 1% Triton X-100, and 0.25% BSA) containing signal started to disappear at 60 min, The magnitude of the
5% dry milk for at least 1 h at room temperature. ERKIC 2 phosphorylation of ERKI1/2 is dependent on the Cjat"
phosphorylation was detected by immunobtotting using an concentration employed, ais the strongest signal was ob-
18-h incubationwith a :1000 dtilution oft rabbitpolyclknal served with 7.5 mM Ca.', while intermediate signals were
antiserum specific for phospho-ERK V2. Blots were washed observed with 1.5 and 3.0 mM C4* (Fig. IB),
fbr five 15-min pleitsts at rtnxi temperature (1% PBS, Ili
Triton X-I00, and 0.3% dry milk) and then incubated for I CaR acthiates ERK
i1 with a second, goat antuirabbit, peroxidase-linked antise-
rum (1:2000) in blocking solution. After washing, the To make sure that the ERK activation is mediated by the
membrane, bands wo-c visualized by chemiluminesenece CaR, we examined the effects of a known CaR agonist
according to the manufacturer's protocol (Supersignal, (spennine) and of a selctive CaR activator (NPS R-467)
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£RKZ Fig1. 1T!hr CZattmxrzd ERK'pi' qpO r)at ion is mediated by JittR
acti'vation. Cr51; were e~nun stan'aA ovemil,-A and wecinembated with the
irtibibrg or antihodic; indlicated The cells were then treýated with 0.3 and
7.5 tM C4' in lmseg I and2-1t, respectiwly,Ibriv.0min.. Eqnnlarymonnt

C)N of ttrial cltAlar watde wac. sqirated by ciecroplmre'iis on 12M

poly-razrvtami get, transteered ta nitrocelthiae ibnembre and analyzed
Ct by inaninobtotting using a pyolnloal antibody against tophoinoybitcd

+SERKO11 and a neomnocnil arntibodS agznnst IERK2 praoten, Expe=nnts
IleN A wacr~cpatal three tnt; and the data shown areslimilara tn ib~ fomifth

othe r two, ..xper ixmm t&.

p.FRK 1/2 O

kinate inhibitor, did not affet the level of ERK phosiphor-.
ERK2 v0 NbAM404 1liat ion. These findings suggest that activation of the CaR

results in transactivati us of the EFGFRIZ, but not of the
PDGYFR, at least in part through activation of MMIP(4)

g, 1,111igb. Ctativates LRK via te CaR in PC-l eit.As, C 1k we-re Finally, wve examined Liie extent of phosphorvhstion of
wmstitan ovit 75 inM ta Prtinm (0ss collte atndhtmepito the EGFR using itmmunopreetpitatton. Phosphorylation of

esternbbttingtAi. ln-mniorwith -10 ngA-A EGiFforlminsawndaqa the ECIER was assessed using Weskstrn analysis with a
;sitive eortro So xant roirt; oft'otzat "etlts prnteZin were -aranted by mionoelonal anti-phusphotyrosine antibody folMiowhg lot'
rCtrphior-snnsirg Jrj mttyaei-anij gel. SSISS Jcdo nitrocthlose-. munoprcipitation of cell I-Ysates with a rabbit polyclonal

:nenns nd ifei7'db;nnnaeblftng sig poyc i acitdy anti-ECFR antibod y- Fig. 3 shows that the TiGER was
slirestph')sqihoiytzAto ERKI/4 and an> tenSonal anftibo~y against ERK2 ho o'tdtos eexntvnudrbal(05 M
ntcie. (CeltswveralsostinmhlawJvtb various corcentrati,=onrot pht B phophryatedt. on xetee ne aa 05m

dCaR qgnt C a 0ni rwmet eerpae he ie Ca2t) conditions; after 10-mia incubation in mediumn with
d thz dat ,a (won a representAtive- one are shown. 7.5 inM Cat% however, the phusphorylation of the receeptor

increased and wvas sustained for at Least 30 mmi,
5] When cells were incubated with 100 jAI. spermine for
) mm. the sitznal was increased over basal activit vFe
).In addition, a miuch stronger signal was observed in mMc

-11,s incubated. with NPS R4(17 than those exposed to the-
sýs potent stceroisomer NPS S-467. Because NPS R-467 is mefni 0 3

I'to 100-fold more potent than NPS S-467 [25], our W G~

suits: indicate that high Ca1i) edEKposhrl ~IrP9
)n is mediated by the CaR.

T.P. EIGFR

v/dunce frr EGFR b'1scvai1 ý EGYR

Nest we xamied te 5lhctsof vriou nhiitrw and Fig. A. ftigh Ca?) indnxc*, 1-GFl phaplo-IArytsion in PC. eetts. CO~lswre
Next wcexanin-d he ffcts fviiou inibioniand strom rstarved fhr4il bin test rm lunm (0.5 reMt Ceg and urus stlnrruite~d

:utralining antibodies as, described below, In Fig. 2, bry medirim xith 7-5n-M Cdt (i w= swry.din toeotket ptotdin At en I
631478, which is, an EGER kinasi inhibitor, and time point.Totst EGER pnAie wna- mmnaoprreipdtatd 'Aih a polycbnatl
D98059, which is a MEKI inhibitor, inhibited most of ECEX antibum'4 aM,- rrtvaerit aOdition of protean Aros agijreor The

*c high Cat'-"induecd ERIC phosphorylafion. GMiiOOI, a protein s5-rnpl,'swc rscertcd byc.ydttripbhorcrson 74týýpotyaerytiamid
inmatrix an alloproteinase (NMMD) inhibitor, and anti- et; tnn't'rr to nitrocelulto;ý- mmramn-rne, and imnr nuboht ued with

tn f c n i s h r e o o c l n i ar t t -w e lnl, a ss p ty m ii (PYF a l. T hefi ire er cin e w a s
idis aaint te CERas ellas B GE lsodinin mstipped, ar! richbtt& with a polvcki-nat annldbx' agaist te ECARh For

I al ERK phosphorvh16on. Howe cer. AG 1296, a PDGEYR rezictLisl1 s x Mat rib 1aar is' tb>4 ;
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4=Xe ,•th• cq nwdit-=(0.5 MM Ca,e) an in~cubatzd fo.r 6 b in t-A• mcdiumwit vai= T•¢~.•rl•r f~ n-r~with ithc•wiou irdlibitorsfor

31) mhm."1"1• c~ €rditiinu medium fl ctll~ed to &ta~mnr tl• rmnmtofPTI[rPreka-d dafird g tk irnoubation PTI&rPacrehion was znasnrcdby IRMA is
described in Mtefrils al m~thodsand was expTrescd as ftkd icase(ptrccr) mlativ to control JN1= 3, masm ± SEM; *P <0.05 vs.0.5 mMC+, qP <
0,05 Yx. rt irLibitk r rocp in , nr5rr CaL

Efj{cr of EGFR and PDGFR inhibi wn on PTHiP secrition Howvcer, I pNM AG1296 did not affect PTHrP secretion,
When the eells were preineubated with anti-HB-EGF anti.

We have previously demonstrated that high C4' stim- body for 30 mi, 5 lig/ml of the antibody significantly
uLatesPTHrP secretiOnin PC-3 cells [12]. This action ofCa 4  inhibited PTHrP secretion (by 42%) even under basal con.
is at least partly mediated by the CaR, bccause hormone d:itionsfS mMCaF, )(Fi&g 5). At7.5mMCa,,theanti-tB3
secretion is attenuated after transfedito of the cells with a EGF antibody supprssed PTHrP secretion in a dose-depen-
domninant neu:ative CaR, mad know CaR agonists, for exam.- dent fashion. The anti-EGFR antibody gave similar rcsults
pie, neomycin and gadolinium, promote PTHrP swrction (data not shown). Preincubation with 10 tilM GM600I also
[12]. Thus, we wandered if the CaR might stimulate PTHrP suppressed PTHrP Mscretion by 4fY,14 at 0.5 mM Ca*, and by
secretion through traniiactivation of theEGFR. atxut R•. in 3.0 and 7,5 mM Ca 4 ru modium (Fig. 6). These

High Caý- stimulated PTHrP secretion in P.3 etvls in a findings indicate that EGF and HB1EGF activate the EGFR
dose-depewdent manner (Fig. 4). This stimulation was even under basal conditions and that high C:a• -induced
inhibited by 20 pM PD98059 and by 0.7 pM AG 1478. PTHrP secretion is suppressed by1 blockade of the CaR-

T

U 3.0 aiM Ca'%+

S200 L? SMC&-

a - T

0. 1 1'O 5.0 - 0.1 1,0 O•. - 0 51 ,0

RB-EGF Ab (pghmI)

Fig. 5. NkrArinAng ar.ii)y aginst 11B-EGF ithibits hat:stanl - iob C(?-irn1cd PTIThP xzCerti+6n in PC-3 e.-tk. Ccls, wkre przdnnbattm, wilh varions
cor.ccr trations of IHrWEF artihody 6r 30 rrin 3nd treeed w)ith tk, or igh C-12, Car 6 b. PTI1rP nelzaed into th1 meahzm v.as detrmnin•d by IRMA as

&cn, i -iens nd etxi ar w epraee a th fldir~rei;. pomeni) rlieto control. A= -1, men 4. ý 1d;M *P < 0.5 HH o tIEK14
artibody gtoup inerpo.i C.'
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EGFR-ERK pathway. The fomaer result sineml compatible a utocrine ant probably intMcriMni t'chanisn3 [6a , although

with the presence ofphosphor'latcd EFRYR signal at 0.5 mM overexpression of PTHrP did not accelerate bone metastasis
Ca~ even after serum starvation (Fig. 3). in a murine breast cancer model [39]. In an in viva study,

neutralizing antibodies to PTHrP or guanine nucleotide
analogs, which inhibit PTHrP gene transcription, not only

Discussion decreased osteoclastie bone resorption but also inhibited the
de.velopment ofmoctastascss to bone by human breast cancer

REF has been shown to induce PTHrP secretion in cells [40,41]. Furthermore, the intracrine a•tions of PTHrP
human prostate tissue, mamnmary epithelial cells, bone, can prevent apoptosis undercertaincircumstances [42].
breast, kidney and lung cell lines, keratinocytes, as tcosar- In the present study, we shoxwed that high Ca', stimulates
coma cells, epithelial cancer cells, and rat leydig tuimor cells PTHrP secretion via ChaRmediated activation of ERK in
[26- 32]. This induction has been reported to involve both PC3 cells and demonstrated that this activation of ERK is
transcriptional and postfranscriptional mechanisms [32-141. mediated by transactivation of the EGFRbut not the PDGFR
The likely involvement of the PKC pathway in EGF- through activation of MMPs, followed by cleavage of
induced secretion of PTHrP in cultured mammary epithelial proHB-EGF to HB-EGF ýFig. 7), The CaR belongs to the
cells [29] was shown by the additive effect of PMA and superfamily of GPCRs, some ofwhich have previously been
EGF on the induction of PTHrP mRNA. Multiple GPCR shown to be associated swith RTKs: for exmple, the angioe
signals converge on the receptor tyvsin- kinascs (RTKs,), tensin II ATI receptor, bnratykinin B2 receptor, vasoprc.';sin
particularly the EGFR. Some widely studied examples VI receptor, chokeystokinin CCKIR, gaskrin CCK2R, and
include the angiotensin iI-induced hYTpesrtrophy of cardio- bomhesinreceptors-stimulatc the ERK cascade via activation
myoct'es via transactivation of the EGFR and subsequent of G(iflI followed by transacLtivation of the EGFR [22.43--
activation of MAPKs, and the ETI -induced phosphoryla- 49). Because thesem peptide receptors can also activate Gi
tion of the EGFR in human ovarian carcinoma cells, proteins, there appear to be two pathways activating the

PTHrP participates in promoting growth in PC-3 celts, MAPK caseade via GY proteins. Activation of 45,qI and Gi
which express a functional PTH1R [6]. Previous work has can stimulate PKC and P13K, leading to Raf'MEK-ERK
shovm that the level of PTHrP expression is higber in prostate activation, Because the CaR is thought to couple to both
cancer than in normal prostate tissue and that PC-3 cells (tin and some iUoumnrs of G [14-• 17], it could activate the
secrete a significantly hieher amount ofPTHrP- 1 -34 than do dual pathways, PKC and P13K, as well as tra•sactivate the
the DUi- 145 aid LNCaP prostate cancer cell lines [35,36 EGFR. In fact, in our prmlimtnrry data, pre-incuba 'on with
PTHrP and the PTHIR are co-expressed in both primary either PKC or P13K inhihitors supprcsesd ERK activation
prostate cancers as weli as in bone metstatases [37J. In and PTHrP secretion to some extent in PC3cells. In addition,
addition, PTHrPscems to influencecciliadhoesionbyenhane p38 MAPK and JNKISAPK :nhibitom also partially sup-,
ing the synthesis ofseverad extrazcellulr miatrix proteins and pressed high Cta-in duced PTHrP sccretion (Yarn• et a,
sonne mte"rin subunits [38]. These findings suggest that unpublished data)Thcrefore, PKC, P13K and othcrMAPKs
PTHrP may also play a critical ro!e in promoting tumor could betiv.teddirect by the CaR orhndir etlymediated

invasti'cness and ske!ta[ mnctastascs through p'racrn... by EGFR an.'sactivation, and this might explain thle partial
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